Much has been written about the functions of the E2F transcription factor and the product of the retinoblastoma tumor suppressor gene (pRB). These proteins have been described in terms that vary from ''master regulators of cell cycle and differentiation'' to ''peripheral factors that lie outside the core cell cycle machinery.'' Most often, pRB and E2F are described in short and simple terms as opposing molecules that control the G 1 -to Sphase transition.
Much has been written about the functions of the E2F transcription factor and the product of the retinoblastoma tumor suppressor gene (pRB). These proteins have been described in terms that vary from ''master regulators of cell cycle and differentiation'' to ''peripheral factors that lie outside the core cell cycle machinery.'' Most often, pRB and E2F are described in short and simple terms as opposing molecules that control the G 1 -to Sphase transition.
There is an element of truth in each of these descriptions. E2F-and pRB-family proteins clearly play important roles in cell proliferation and differentiation. The extent to which they are master regulators or peripheral factors is a question of semantics, and these terms tell us more about the writer than the proteins. Perhaps the most important development in the E2F literature is the appreciation that E2F and pRB are not unique molecules with functions that can be defined in black and white terms. Instead, E2F and pRB represent families of related proteins that have diverse and occasionally contradictory activities. We now know a great deal about E2F complexes and pRB-family proteins and the emerging picture defies a one-line explanation. The fascinating variety of activities ascribed to various E2F complexes challenges us to place these into context and to find the right perspective.
This review is presented into two sections. The first section summarizes the tremendous progress into the composition and properties of E2F and the many interactions that coordinately regulate E2F-dependent transcription. The rapid growth in the size of the E2F literature hides the fact that several fundamental questions have not been fully answered. Because of this, the second section of this review details five unresolved issues that have been highlighted by recent publications. It is impossible to cover all of the relevant E2F literature in a single review and readers are referred to reviews by Farnham (1995) ; Sardet et al. (1997) ; Helin (1998); for a comprehensive survey.
An introduction to the families of E2F and DP proteins
E2F has an important role in the control of cell proliferation in mammalian cells, in Drosophila, and presumably in many other eukaryotes. E2F is regulated in a cell cycle-dependent manner and fluctuations in E2F activity enable programs of gene expression to be coupled closely with cell cycle position.
Our models of E2F/pRB action have their roots in studies of adenovirus. E2F complexes are defined by their ability to bind to a sequence element that was identified originally in the adenovirus E2 promoter La Thangue and Rigby 1987; Yee et al. 1987) . Many different forms of E2F can be found in most cell types and these have been characterized largely by gelshift assays that employ cell extracts and oligonucleotides carrying consensus binding sites. E2F complexes are readily resolved into so-called ''free E2F'' and ''complexed E2F.'' Initial studies of E2F showed that E2F-dependent transcription is stimulated by adenovirus E1A and this activation correlates with the appearance of free E2F (Bagchi et al. 1990 ). The components of most E2F complexes have been identified through the addition of specific antibodies. The discovery that pRB is a component of complexed E2F (Bagchi et al. 1991; Bandara and La Thangue 1991; Chellappan et al. 1991; Chittenden et al. 1991) enabled studies of E2F to be linked with genetic studies implicating pRB binding in E1A-mediated transformation (Whyte et al. 1988 (Whyte et al. , 1989 . When pieced together these findings suggested that E2F is regulated through its association with pRB and that the liberation of E2F could be a key element of E1A's oncogenic properties. Further studies have shown that activation of E2F-dependent transcription promotes cell cycle progression and Sphase entry. These properties suggested a simple model in which pRB restricts cell cycle progression by restraining E2F and the release of E2F from pRB drives cell proliferation.
Free E2F
Free E2F, the smallest E2F complexes, are heterodimers containing a subunit encoded by the E2F gene family and a subunit encoded by the DP family of genes. To date, six E2F genes and two DP genes have been found in mammalian cells (Fig. 1) . Drosophila contain at least one DP gene and two E2F genes, and other homologs have been found in Caenorhabditis elegans, chicken, and Xenopus (Dynlacht et al. 1994a; Girling et al. 1994; Ohtani and Nevins 1994; Philpott and Friend 1994; Hao et al. 1995; Pasteau et al. 1995; D. Huen, unpubl.) . E2F and DP proteins contain highly conserved DNA-binding domains and dimerization domains (Helin 1998 ). The carboxy-terminal portions of E2F-1, E2F-2, E2F-3, E2F-4, and E2F-5 contain a potent transactivation domain but no equivalent activity has been found in E2F-6 nor in DP proteins. Although E2F and DP proteins activate E2F-dependent transcription in a synergistic manner, DP subunits appear to activate transcription indirectly by potentiating the activity of the E2F subunit Helin et al. 1993b; Krek et al. 1993 ). E2F-6, the most recently discovered member of the E2F-family, is proposed to repress E2F-dependent transcription (Morkel et al. 1997; Cartwright et al. 1998; Trimarchi et al. 1998) .
Relatively little is known about the specific properties of the individual mammalian E2Fs. The appearance of tissue-specific defects in E2F-1 (Field et al. 1996; Yamasaki et al. 1996) or E2F-5 deficient mice (Lindeman et al. 1998) suggests that individual E2Fs have functions that are either unique or restricted to certain cell types. The literature on expression patterns of E2Fs is quite small. DP-1 and E2F-1 are broadly, but not uniformly, expressed during mouse embryogenesis (Tevosian et al. 1996) . Similar analysis of E2F-2, E2F-4, and E2F-5 expression suggest that E2F-2 and E2F-4 are expressed more highly in proliferating cells whereas E2F-5 is more evident in some differentiating cells including the choroid plexus (Dagnino et al. 1997a,b; Lindeman et al. 1998 ). The specific inactivation of each of the murine E2F-and DPfamily members is of clear importance and is being attempted in several groups. Presumably, these studies will reveal the unique roles of individual E2F components.
It is widely anticipated that different E2F heterodimers will be found to regulate different subsets of E2F target genes. When overexpressed, E2F-1, E2F-2, E2F-3, E2F-4, and E2F-5 induced the expression of a panel of E2F-target genes to differing degrees and in slightly different patterns (DeGregori et al. 1997) . In vitro binding assays show that E2F heterodimers can bind to a variety of E2F-related sequences and that heterodimers select different sequence variants from a random pool (Tao et al. 1997) . Possibly, the promoter context of E2F binding sites may be very important in selecting specific forms of E2F. The physical interactions between Sp-1 and E2F-1, E2F-2, or E2F-3 (Karlseder et al. 1996; Lin et al. 1996 ) and p107 and Sp-1 (Datta et al. 1995) may be examples of interactions that allow cooperative binding by specific types of E2F complexes. Despite these indications, however, it has not yet been possible to match individual forms of E2F with their specific targets inside the cell. It is unclear whether this is because there is extensive redundancy between E2Fs or for the lack of an assay that can reveal the specificity.
Complexed E2F
The complexed forms of E2F contain E2F/DP heterodimers that are stably bound to a member of the pRB family of proteins, pRB, p107, and p130 (Bagchi et al. 1991; Bandara and La Thangue 1991; Chellappan et al. 1991; Chittenden et al. 1991; Cao et al. 1992; Devoto et al. 1992; Shirodkar et al. 1992; Cobrinik et al. 1993) . In many different experimental systems the overexpression of pRB, p107, or p130 inhibits E2F-dependent transcription (for examples, see Hiebert et al. 1992; Flemington et al. 1993; Helin et al. 1993a; Zamanian and La Thangue 1993; Dynlacht et al. 1994) . Whereas no specificity has been described for interactions between E2F and DP subunits nor between DP and pRB-family proteins, the E2F proteins show strong preferences for specific pRB-family members: E2F-1, E2F-2, and E2F-3 bind almost exclusively to pRB; E2F-5 associates with p130; E2F-4 binds with high affinity to p107 and p130 but also associates with pRB in some cell types (for a detailed review, see Sardet et al. 1997) . A short, highly conserved domain near the carboxyl terminus of the E2F proteins mediates binding to pRB-family proteins (Helin et al. 1993a) . This binding domain is embedded in the transactivation domain of the E2F subunit and the overlapping arrangement of these two domains provides a simple model to explain how the association of pRB, p107, or p130 with E2F might inhibit E2F-dependent transcription. E2F-6 lacks sequences homologous to the pRB-binding domain of E2F-1 and does not appear to be regulated in an analogous manner (Morkel et al. 1997) .
pRB, p107, and p130 are expressed broadly but associate with E2F during different portions of the cell cycle Figure 1 . The organization of the six mammalian E2F genes and two DP genes. E2F and DP proteins share a conserved DNAbinding and dimerization domain. The relative positions of pRB-binding domains and cdk-binding domains are also shown. The references for these genes are E2F-1 (Helin et al. 1992; Kaelin et al. 1992; Shan et al. 1992); E2F-2 (Ivey-Hoyle et al. 1993; Lees et al. 1993) ; E2F-3 (Lees et al. 1993) ; E2F-4 (Beijersbergen et al. 1994; Ginsberg et al. 1994; Sardet et al. 1995) ; E2F-5 (Hijmans et al. 1995; Sardet et al. 1995) ; E2F-6 (Morkel et al. 1997; Cartwright et al. 1998; Trimarchi et al. 1998) ; DP-1 (Girling et al. 1993) ; DP-2 (Ormondroyd et al. 1995; Wu et al. 1995; Zhang and Chellappan 1995; Rogers et al. 1996) . Note that the second mammalian DP gene to be isolated has also been called DP-3 because of its homology to Xenopus DP-3 (Ormondroyd et al. 1995) , and the sixth E2F family member was first named EMA (Morkel et al. 1997 ).
( Table 1) . Although the precise pattern varies, p130/E2F complexes are found primarily in quiescent or differentiated cells and p107/E2F complexes are most prevalent in S phase cells but can also be found in G 1 . pRB/E2F complexes can be found in quiescent or differentiated cells, but are most evident as cells progress from G 1 into S phase (see, e.g., Shirodkar et al. 1992; Ikeda et al. 1996; Moberg et al. 1996; or Sardet et al. 1997 , for a detailed review).
E2F-binding sites mediate both transcriptional activation and repression
What we know about E2F-dependent transcription is gathered almost entirely from studies in tissue culture cells. It is important to remember that most of the current models rely on the assumption that the effects seen when E2F-, DP-, and pRB-family proteins are overexpressed reflect the properties of the endogenous proteins. In the initial models of E2F action, the activation of E2F-dependent transcription was proposed to be caused by the unmasking of an activation domain in the E2F complex. This view was turned upside down by the discovery that E2F/pRB complexes can actively repress transcription (Hamel et al. 1992; Weintraub et al. 1992) . The discovery of the pRB/E2F repressor has raised a debate that is still not completely settled. Should we think of E2F-binding sites as activators of gene expression in S phase, or as elements that confer cell cycle regulated repression in G 0 /G 1 ?
Targets for E2F were initially suggested by the observation of consensus E2F-binding sequences in promoter regions. It is now apparent that a large number of promoters contain potential E2F-binding sites and, in a few cases, mutation of the binding site has confirmed that E2F is critical for cell cycle-regulated transcription. Such studies assume that the behavior of small fragments of genomic DNA will faithfully reproduce the properties of the endogenous genes. To date, there are no studies in which the E2F-binding site has been specifically mutated in its natural setting, in the promoter of an endogenous gene. This will be an important test of current models, and the absence of this type of data is a substantial caveat, given the important role of chromatin structure in the regulation of gene expression.
Mutational analysis of putative E2F-binding sites in relatively small fragments of genomic DNA suggest that E2F-binding sites regulate gene expression in different ways in different promoter contexts. The evidence leading to these models is described in the sections below. It is generally believed that the different properties of individual E2F-binding sites reflect the binding of different types of E2F complexes. To summarize a great deal of biochemical data, there appear to be three generic types of E2F complexes (Fig. 2) : activator E2F complexes, in which the E2F activation domain promotes transcription; inhibited E2F complexes, in which the activation domain is masked by pRB-family proteins to give a complex that is essentially inert; and repressor E2F complexes, in which RB-family proteins that are recruited to the DNA by E2F assemble a repressor activity. Each of these activities can be demonstrated in carefully designed assays but the relative contributions that they make to the normal functions of E2F are not known. At the moment, making a connection between the binding of individual E2F complexes and changes in gene expression requires a leap of faith. It has not been technically possible to identify the components of an individual E2F complex bound at the promoter of an endogenous gene. Because of this, connections drawn between specific types of E2F and individual target genes should be regarded as informed guesswork.
With these caveats in mind, the activities of E2F complexes have been examined in great detail on a variety of different promoters. These studies provide a strong framework from which the potential functions of E2F derive. Both E2F-mediated activation and repression occur in different settings and the current evidence indi- cates that both processes are likely to be functionally significant.
E2F as a transcriptional activator
Mutation of E2F-binding sites in the dihydrofolate reductase (DHFR) promoter indicates that E2F binding is required to activate DHFR expression during G 1 to S progression (Means et al. 1992; Wade et al. 1992) . Sp-1 and E2F bind cooperatively to the DHFR promoter (Karlseder et al. 1996) and the relative position of E2F-and Sp-1-binding sites is important for cell cycle regulation of promoter activity (Fry et al. 1997) . The view that E2F is a transcriptional activator is supported by experiments showing that E2F proteins activate transcription of simple reporter constructs that contain multiple E2F-binding sites (Helin et al. 1992; Shan et al. 1992) , by the fact that E2F proteins contain conserved domains that activate transcription when transferred to other DNA binding domains (Kaelin et al. 1992) , and by studies showing a strong correlation between the ability of E2F to activate transcription and to drive cell cycle progression (Johnson et al. 1993; Shan and Lee 1994; Qin et al. 1995) . Precisely how E2F activates transcription is not known. At least three different mechanisms have been suggested. In vitro, E2F-1 can bind to TBP (Hagemeier et al. 1993; Emili and Ingles 1995) . Biochemical studies show that the transcriptional activation domain of E2F-1 can interact with CBP (Trouche and Kouzarides 1996) , potentially recruiting histone acetylase activity to the promoter. Consistent with this type of model, the overexpression of CBP potentiates transcriptional activation by E2F-1. Alternatively the ability of E2F complexes to bend DNA may be important for transcriptional activation (Cress and Nevins 1996) . Although each of these mechanisms are possible there is no definitive data to distinguish between these or other models.
E2F-mediated repression
In contrast to the DHFR promoter, the mutation of E2F binding sites in the B-myb, E2F-1, E2F-2, cyclin E, and cdc2 promoters increases the activity of these promoters during G 0 /G 1 (Dalton 1992; Lam and Watson 1993; Hsiao et al. 1994; Johnson et al. 1994b; Neuman et al. 1994; Ohtani et al. 1995; Geng et al. 1996; Sears et al. 1997 ; for other examples, see Helin 1998) . Here the E2F-binding sites appear to act as repressor elements during G 1 and gene expression results from the release of repression. In vivo footprinting of the E2F-binding sites in the B-myb promoter (Zwicker et al. 1996) and of potential E2F-binding sites in the cdc2 (Tommasi and Pfeifer 1995) and cyclin A promoters (Huet et al. 1996) indicated that these sites are occupied in G 0 /G 1 . These footprints are strongly decreased during G 1 -to-S progression and the E2F sites appear to be largely unoccupied at times when the genes are most highly transcribed. Although it is possible that all forms of E2F do not footprint equally, these results are consistent with the idea that activation of gene expression is due in large part to the loss of repressor complex. The view of E2F/pRB complexes as active repressors was first suggested by studies showing that the overexpression of pRB represses the expression of E2F-regulated genes (Hamel et al. 1992) , and by experiments showing that the insertion of E2F binding sites into synthetic promoters allows repression of these promoters by pRB-family proteins (Weintraub et al. 1992 ). This model is strongly supported by studies showing that pRB represses transcription when fused to a heterologous DNA-binding domain (Adnane et al. 1995; Bremner et al. 1995; Sellers et al. 1995; Weintraub et al. 1995) . Because the binding site for pRB family proteins is embedded in the transcription activation domain of E2F proteins, pRB family proteins are thought to inactivate E2F by physically blocking the action of this domain. This would be sufficient to explain the cell cycle regulation of promoters such as DHFR where the E2F-binding sites are required to activate transcription. However additional processes are required to explain how E2F complexes become dominant repressors in G 1 . pRB contains distinct surfaces that enable it to bind to E2F and to bind to a different group of proteins that contain an LXCXE motif Lee et al. 1998 ). Indeed, pRB can act as a bridge to form trimolecular complexes Welch and Wang 1993) . It is thought that pRB-family proteins that are recruited to DNA by E2F use a second binding site to repress transcription. The list of pRB-associated proteins in the literature includes hBrm and BRG1 (Dunaief et al. 1994; Singh et al. 1995) , proteins that are components of mammalian SWI2/SNF complexes. hBrm and BRG1 contain LXCXE-related sequences and are reported to cooperate with pRB in growth suppression (Dunaief et al. 1994) , and in repression of E2F-1 dependent transcription (Trouche et al. 1997 ). RbAp48, one of the first pRB-binding proteins isolated (Qian et al. 1993) , was subsequently shown to associate with histone deacetylases (Taunton et al. 1996) . Recent reports show that histone deacetylase activity is physically associated with pRB (Brehm et al. 1998; Magnaghi-Jaulin et al. 1998; Luo et al. 1998) and that this activity is important for pRB's repressor activities. Inhibitors of histone deacetylase interfere with the ability of pRB to repress E2F-dependent transcription. The recruitment of histone deacetylase to E2F-regulated promoters by pRB is proposed to repress transcription through changes in chromatin structure. It is not certain whether E2F/pRB/histone deacetylase repressor complexes play a critical role in E2F regulation in proliferating cells or whether these complexes function primarily during cell cycle exit and act in quiescent or differentiated cells.
The activation of E2F-dependent transcription
Because the activation of E2F-dependent transcription is linked with cell transformation and proliferation, the events leading to elevated E2F activity have been investigated in depth. This section summarizes the different types of regulation that have been proposed to contribute to the activation process. Although pRB is the best known regulator of E2F, the activation of E2F-dependent transcription is not the result of a single step but involves a series of changes in the composition, synthesis, and localization of E2F complexes (Fig. 3) . The functional impact of these changes can be demonstrated in overexpression experiments. However, future studies are needed to determine the relative importance of the different tiers of regulation in the control of endogenous E2F activity.
The activation of E2F-dependent transcription has been studied primarily in systems in which quiescent cells are stimulated to enter the cell cycle. The majority of nuclear E2F complexes in quiescent or differentiated cells are bound to pRB-family proteins. When cells are stimulated to enter S phase, pRB-family proteins become phosphorylated and there is an accumulation of free E2F Chittenden et al. 1993) . This change correlates with the activation of E2F-dependent transcription and, conceivably, both the appearance of free E2F and the disappearance of complexed E2F may contribute to the increase in expression of target genes.
Phosphorylation of pRB-family members
The disruption of pre-existing E2F complexes is attributed primarily to the phosphorylation of pRB-family proteins by cyclin-dependent kinases (cdks). pRB, p107, and p130 each contain multiple cdk phosphorylation sites and the hyperphosphorylated forms of pRB and p130 have very low affinity for E2F. Phosphorylated p130 appears to be targeted for degradation and the levels of p130 fall rapidly when quiescent cells are stimulated to enter the cell cycle (Smith et al. 1996) . pRB phosphorylation has been studied in great detail. There appear to be at least two different stages in pRB phosphorylation, with cyclin D-dependent kinases acting first, and cyclin E-or cyclin A-dependent kinases acting later (for review, see Mittnacht 1998) . E2F binding can be inhibited by the phosphorylation of several different clusters of sites on pRB (Knudsen and Wang 1997) . Several studies have Figure 3 . Multiple changes in the composition and location of E2F complexes are observed as cells leave quiescence and enter S phase. E2F-4 is the most prominent form of E2F found in quiescent cells, and in these cells most E2F-binding sites appear to be occupied by complexes that actively repress transcription. Cell cycle entry correlates with the loss of repressor complexes and the accumulation of free E2F. On some promoters, gene induction appears to be due to the loss of repression. In other cases, E2F complexes are required for activation (illustrated here by E2F-1). The relative contribution of each individual process to the activation of E2F-dependent transcription is unknown and may vary between promoters.
found that pRB/E2F complexes persist in S phase and can even be found in populations of G 2 phase cells . The function of these E2F complexes, at times when cdks are active and E2F target genes are fully induced, is not understood.
Phosphorylation of E2F-1
In addition to the phosphorylation of pRB, it is possible that phosphorylation of E2F-1 may also disrupt pRB/E2F complexes. In vitro phosphorylation of E2F-1 on Ser-332 and Ser-337 prevents it from binding to pRB (Fagan et al. 1994 ). Potentially such phosphorylation may allow pRB/ E2F-1 complexes to be disrupted without the need for pRB phosphorylation, but this mechanism of activation has not yet been demonstrated in vivo.
Changes in the subcellular localization of specific E2F complexes
E2F-4 contributes the bulk of E2F DNA-binding activity in extracts of tissue culture cells. While the levels of E2F-4 protein do not change rapidly, substantial changes in the subcellular location of E2F-4 have been observed during the cell cycle (Lindeman et al. 1997; Mü ller et al. 1997; Verona et al. 1997 ). E2F-4 polypeptides are found in both the nucleus and cytoplasm of quiescent cells but relocate almost entirely to the cytoplasm once cells reach S phase. Thus p107/E2F-4 complexes, the most abundant E2F complexes detected in extracts of S-phase cells, are proposed to be located primarily in the cytoplasm. The mechanisms governing the relocation of E2F-4 have not been elucidated in full. When it is overexpressed E2F-4 is largely cytoplasmic, but it can be driven into the nucleus by the coexpression of DP-2, p107, or p130 (Magae et al. 1996; Lindeman et al. 1997) . Potentially the DP-dimerization partner may be important for this process. Four alternative spliced forms of DP-2 have been described. When overexpressed, two of these forms were largely cytoplasmic, whereas two others were nuclear (de la Luna et al. 1996) . This raises the possibility that the expression of specific DP proteins may be used to control E2F localization. As the cytoplasmic relocation of endogenous E2F-4 correlates with the activation of E2F-responsive genes, the relocation of E2F-4 may be a mechanism to prevent repression of target genes by E2F-4-containing complexes.
Synthesis of new E2Fs
In addition to the release of E2F from pre-existing complexes, new synthesis of specific E2Fs also contributes to appearance of free E2F. The transcription of E2F-1 and E2F-2 is strongly induced as cells progress from G 0 to S phase. E2F-binding sites play important roles in the regulation of the E2F-1 promoter, mediating transcriptional repression in G 0 /G 1 , and at least in some assays, contributing to full induction in G 1 /S (Hsiao et al. 1994; Johnson et al. 1994b; Neuman et al. 1994 ). Both E2F-binding sites and E-box sequences, which can respond to c-Myc, are important for the cell cycle regulation of the E2F-2 promoter (Sears et al. 1997) . Potentially, the E2F-2 promoter may allow some coordination between the induction of Myc-and E2F-dependent transcription. As quiescent cells typically contain high levels of p130/E2F but low levels of E2F-1, it is proposed that there is a cascade of E2F activation in which the release of E2F-4 or E2F-5 from p130 (or pRB) repressor complexes allows the expression of E2F-1 and E2F-2. The levels and DNAbinding activity of E2F-3 are cell cycle regulated and increase during S-phase entry , however the E2F-3 promoter has not been mapped and the regulation of E2F-3 is poorly understood. When overexpressed, E2F-1, E2F-2, and E2F-3 are more potent transcriptional activators than E2F-4 or E2F-5 (Lukas et al. 1996; DeGregori et al. 1997 ) and this may lead to elevated expression of other E2F-target genes. The specific targets of the newly synthesized E2F proteins are not known. It is unclear whether E2F-1, E2F-2, or E2F-3 will bind to unoccupied E2F sites or whether they replace pre-existing E2F complexes at target promoters. It is tempting to suggest that new E2F synthesis enables the overall level of E2F to exceed that of pRB-family proteins. However, this model is far from proven. Indeed E2F binding sites have also been found in the pRB and p107 promoters (Zhu et al. 1995) and the rise in levels of p107 that occurs when cells enter S phase runs counter to this model . Unfortunately, the total relative levels of E2F-and RB-family proteins have not been determined with any confidence in any experimental system.
One important and often overlooked quirk of the E2F literature is that most studies of the cell cycle regulation of E2F use quiescent cells that are stimulated to enter the cell cycle. Much less is known about the regulation of E2F activity in actively cycling cells or during cell cycle exit. E2F regulation may be quite different in these settings. In some cell types, pRB/E2F complexes are most abundant when cells are induced to differentiate, suggesting that pRB's role may be especially important during this process (Ikeda et al. 1996) . In contrast to the dramatic changes in E2F complexes that occur when serum-starved cells are stimulated to enter the cell cycle, very few changes are seen in rapidly dividing cells (Smith et al. 1996; Leone et al. 1998) . Recent studies using REF52 cells show that there is a large number of genes whose expression can be induced by E2F, and whose expression increases when quiescent cells are stimulated to enter the cell cycle, yet only a small subset of these targets have cell cycle-regulated expression patterns in actively proliferating cells ). This subset of genes includes cdk2, cdc6, cyclin E, Mcm2, and Mcm6 . In this study the DNA-binding activity of both E2F-1 and E2F-3 was induced during G 0 -to-S progression, but the periodic expression of target genes in cycling cells correlated with changes in the DNA-binding activity of E2F-3. The microinjection of antibodies to E2F-3 reduced S-phase entry suggesting that at least in REF52 cells, E2F-3 is an important regulator of the G 1 -to S-phase transition. These observations emphasize that E2F regulation differs greatly depending whether cells are moving from M to G 1 to S phase, or from G 0 to G 1 to S phase.
The inactivation of E2F
Depending on one's perspective, the inactivation of E2F could be regarded as the most important regulatory step. If pRB association were the sole determinant of E2F activity, E2F-dependent transcription would be expected to be constitutive from the time that pRB is hyperphosphorylated (S phase) until it is dephosphorylated (mitosis), and this is clearly not the case. Although the downregulation of E2F-dependent transcription has not been studied in great detail, the expression of some E2F-target genes decreases as cells leave S phase (see, e.g., Means et al. 1992; Lam and Watson 1993; Leone et al. 1998) . Moreover, the expression of constitutively active, mutant forms of E2F-1 or DP-1 caused an accumulation of cells in S phase and eventually led to apoptosis . Taken together, these results imply that a decrease in E2F activity is required for cells to exit S phase and that this is separate from pRB regulation. Three processes have been implicated in the inactivation of E2F.
E2F/DP phosphorylation
E2F-1, E2F-2, and E2F-3 contain a conserved motif that mediates stable association with cyclin A/cdk2 or cyclin E/cdk2 (Krek et al. 1994) . Kinases bound through this domain to a E2F-1/DP-1 dimer phosphorylate both the E2F-1 and DP-1 subunits and inhibit DNA-binding activity (Dynlacht et al. 1994; Krek et al. 1994 Krek et al. , 1995 Kitagawa et al. 1995) . The expression of mutant E2F-1 proteins lacking the cdk-binding site, or mutant DP-1 proteins lacking the major phosphorylation sites, generated stable E2F complexes and arrested cells in S phase . Unlike cyclin A/cdk2, the action of cyclin E/cdk2 on E2F-1/DP-1 dimers has little effect on DNA-binding activity (Dynlacht et al. 1994) . The basis for the distinction between the cdks is not completely clear, however, as cyclin E/cdk2 kinase is activated before cyclin A/cdk2, this difference may help to establish a window in the cell cycle where E2F is active (Dynlacht et al. 1994) .
Changes in E2F/DP phosphorylation have also been linked to the down-regulation of E2F activity during adipogenesis. In a tissue culture model system, increased phosphorylation of DP-1 and E2F-1 correlated with cell cycle withdrawal during adipocyte differentiation (Altiok et al. 1997) . The increase in DP-1 phosphorylation may be a result of a decrease in the level of the PP2A catalytic subunit as the addition of purified PP2A catalytic subunit reversed this effect and restored DNA-binding activity.
Degradation of free E2F
Ubiquitin-directed degradation of free E2F may also contribute to the inactivation of E2F in S phase. When overexpressed, E2F-1 and E2F-4 are degraded by the ubiquitin-proteosome pathway (Hateboer et al. 1996; Hofmann et al. 1996) . Sequences in the transactivation domain of the E2F proteins are important for this process and the stability of E2F-1 or E2F-4 is greatly enhanced by association with pRB, p107, or p130. Such regulation may augment the stability of E2F-repressor complexes and may provide a means to attenuate the activity of free E2F. This model is highly attractive but future studies are needed to determine the role of ubiquitin-directed degradation in the overall control of endogenous E2F proteins.
E2F-repressors
A third potential mechanism is suggested by the observation that E2F-6 is a repressor of E2F-dependent transcription (Morkel et al. 1997; Trimarchi et al. 1998) . The finding that E2F-6 has a lower affinity for DNA than other E2Fs raises the possibility that E2F-6 might bind to E2F-target promoters and repress their transcription when the binding activity of other E2Fs is decreased. The cell cycle activity of E2F-6 is not yet known. In some studies the overproduction of E2F-6 resulted in the accumulation of S-phase cells (Cartwright et al. 1998 ; J. Lees, pers. comm.) . In other studies the overexpression of E2F-6 had no effect on asynchronously growing NIH-3T3 cells but prevented quiescent cells from entering S phase, raising the possibility that E2F-6 may act on the entry or exit of cells from the cell cycle (S. Gaubatz and D.M. Livingston, in prep.). Ultimately, the complete down-regulation of E2F-dependent transcription in quiescent cells is likely to require the assembly of active repressor complexes, such as those containing histone deacetylases. The events regulating the formation of E2F-repressor complexes are extremely important and completely unknown.
The consequences of elevated E2F activity-ectopic S-phase entry and apoptosis
One of the most striking properties of E2F proteins is their ability to drive cells into S phase. This property is central to most models of E2F function and was first shown for E2F-1 (Johnson et al. 1993 ). Similar results have been reported for E2F-2, E2F-3, E2F-4, E2F-5, and dE2F (Asano et al. 1996; Du et al. 1996; Lukas et al. 1996) . E2F-1 overexpression overrides many different types of cell cycle arrest including the effects of p16, p21, p27, ␥-irradiation, TGF␤, and dominant-negative cdk2 and is able to drive quiescent cells into S phase (Johnson et al. 1993; DeGregori et al. 1995a,b; Schwarz et al. 1995; Lukas et al. 1996; Mann and Jones 1996) . However, in vivo studies show that some arrested or differentiating cells are not readily driven into S phase by high levels of E2F (Asano et al. 1996; Du et al. 1996) . Overexpression of E2F in transgenic animals disrupts the developmental regulation of the cell cycle. The elevation of E2F activity dissociates the coordination of cell growth and proliferation during Drosophila wing development (Neufeld et al.
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Mutational studies show that E2F-1's ability to drive cells into S phase requires its DP-binding, DNA-binding, and transactivation domains, and there is a strong correlation between the ability of E2F to activate transcription of target genes and its ability to promote DNA synthesis (Johnson et al. 1993; Qin et al. 1994) . It is believed that E2F promotes S phase by elevating the expression of rate-limiting genes. It is conceivable that E2F has a more direct role in the initiation of DNA synthesis but there is no evidence for such an activity. Consistent with the idea that E2F promotes cell proliferation, E2F-1, E2F-4, and DP-1 have all been reported to score in transformation assays, either alone or in combination with an activated ras gene (Beijersbergen et al. 1994; Ginsberg et al. 1994; Johnson et al. 1994a; Singh et al. 1994; Jooss et al. 1995; Xu et al. 1995 ).
There is a major caveat to the idea that increased E2F activity automatically leads to cell proliferation. Overexpression of E2F-1 or dE2F in normal cells causes high levels of apoptosis (Qin et al. 1994; Shan and Lee 1994; Wu and Levine 1994; Kowalik et al. 1995; Asano et al. 1996; Du et al. 1996 ). This property is not seen with all E2F genes but appears to be a property of specific E2Fs. In contrast with E2F-1, the overexpression of E2F-2 and E2F-3 failed to induce apoptosis even though they induced the expression of E2F target genes and drove cells into S phase (DeGregori et al. 1997) . Exactly how E2F-1 induces apoptosis is not known. In many cells the bulk of E2F-1-induced apoptosis appears to be p53-dependent (Qin et al. 1994; Wu and Levine 1994; Kowalik et al. 1995) and is associated with an increase in p53 levels (Hiebert et al. 1995) . It is unclear whether the increase in p53 levels is caused by the proposed physical interaction between E2F-1 with MDM-2 (Martin et al. 1995) , or that between DP-1 and p53 (O'Connor et al. 1995; Sorensen et al. 1996) , or by another mechanism.
Recent reports suggest that p19 ARF , a protein that stabilizes p53 and activates p53-dependent transcription (Pomerantz et al. 1998; Zhang et al. 1998) , provides an important connection between E2F-1 and p53. p19 -deficient cells are partially resistant to E1A-or E2F-1-induced apoptosis (de Stanchina et al. 1998; Zindy et al. 1998) .
Other studies have demonstrated that the overexpression of E2F-1 can induce apoptosis in cells that lack p53 (Hsieh et al. 1997; Phillips et al. 1997) , indicating that there must be a least two mechanisms for E2F-induced apoptosis. Mapping experiments revealed that the DNAbinding domain of E2F-1 was required for it to induce p53-independent apoptosis but an intact transactivation domain was not necessary.
Regulation of apoptosis is not simply an artifact of protein overexpression but it is likely to be an important aspect of E2F-1 function. Defects in apoptosis have been identified in thymocytes of E2F1 −/− mice (Field et al. 1996) and inhibition of E2F activity has been reported to prevent apoptosis in cultured cells (Bargou et al. 1996) . In contrast, some studies have also reported that the inactivation of E2F can lead also to apoptosis (Bandara et al. 1997; Brook et al. 1996) but the basis for these effects is unclear. It is noteworthy that pRB-deficient embryos, in which E2F-1 is predicted to be deregulated, also show very high levels of apoptosis (Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992; Lee et al. 1994) . Comparisons between Rb −/− and Rb −/− ; p53 −/− embryos indicate that apoptosis caused by the absence of pRB is p53 dependent in the central nervous system (CNS) and the eye lens but p53 independent in the peripheral nervous system (PNS) (Morgenbesser et al. 1994; Macleod et al. 1996) . It will be extremely interesting to know how much of these effects result from the deregulation of E2F-1.
The current data is consistent with the view that the levels of E2F are important for cell survival; in a general sense either too much or too little E2F activity may lead to apoptosis. Because of the damage that inappropriate cell proliferation can cause it makes a great deal of sense that elevated E2F activity should make cells prone to apoptosis. A similar coupling of proliferative and apoptotic signals has previously been described for c-myc (for review, see Harrington et al. 1994 ). In the case of myc, specific survival factors are required to allow myc-driven cells to proliferate, and the same may be true for E2F-1. Conceptually this may provide a safeguard against constitutive signals to proliferate. Small DNA tumor viruses that depend on the host cell to replicate their genome appear to have solved this problem by encoding complementary sets of proteins that drive proliferation and inhibit apoptosis.
How much do we really know?
The experiments described above provide us with detailed information about the potential functions and activities of E2F. Much is known about the different types of E2F complexes, about the many ways in which E2F activities can be regulated, and about potential E2F-regulated genes. The general view of E2F as a factor that drives cell proliferation is supported by a wealth of data showing that E2F overexpression drives cells into S phase.
However, recent analysis of animals lacking specific E2Fs have given surprising results that underscore the limitations of a knowledge that is derived mostly from biochemical studies of tissue culture cells. The inactivation of E2F is expected to inhibit cell proliferation, yet E2F-1-deficient mice are viable and fertile (Field et al. 1996; Yamasaki et al. 1996) . These mice show defects in apoptosis and, contrary to most predictions, are tumorprone. No defects in cell proliferation were apparent in E2F-5-deficient animals (Lindeman et al. 1998) . Instead these mice develop hydrocephalus caused by excessive secretion of cerebrospinal fluid. It is unclear how to explain these phenotypes using the current molecular models for E2F action. Are the developmental defects due to very specific roles for individual E2Fs in cell pro-liferation? Are our models wrong and do these phenotypes reflect new functions for E2Fs?
Interpretation of the knockout phenotypes is difficult because so little is known about the extent of functional overlap between E2F family members or the degree of compensation that occurs in knockout cells. Fewer E2F and DP family members have been found in Drosophila but studies of E2F mutations in flies have also given unexpected results. dE2F and dDP mutant animals continue to develop until relatively late stages (Royzman et al. 1997; Duronio et al. 1998) . These embryos lack a program of gene expression that normally accompanies the G 1 -to S-phase transition, but DNA synthesis still occurs and, at least in dDP mutants, appears to be relatively normal. Does this mean that E2F-dependent transcription is relatively unimportant for DNA synthesis or are there additional family members in Drosophila that carry out the essential functions?
In addition to the questions posed by in vivo studies, the size of the E2F literature hides the fact that several fundamental issues remain unresolved. To illustrate some of these issues, I have picked five questions that have been highlighted in recent publications. The ideas and results behind these questions are described below.
Is E2F required for S-phase entry?
As elevated E2F activity can drive cells into S phase and the overexpression of pRB can block cells in G 1 , it has been widely assumed that the activation of E2F-dependent transcription is essential for cells to enter S phase. Although this sounds like it ought to be a straightforward point to test, in fact the issue of whether activation of E2F is required for S phase is still not settled. One approach to this question is to examine the effects of inactivating E2F. This has been problematic because of the large number of genes encoding E2F and DP proteins and because of the difficulties involved in proving that E2F is completely and specifically inactivated. Exactly how much E2F-dependent transcription is functionally significant remains a contentious issue. For example, if the expression of E2F target genes is reduced to 10%, is this sufficient activity for S-phase entry? The analysis of mice or flies carrying mutations in multiple E2F or DP family members may resolve this issue. However, the complete inhibition of E2F binding may actually derepress promoters that are controlled by E2F-repressor complexes, and it is not clear that the analysis of a completely E2F-deficient mutant will provide an unambiguous answer.
There is compelling evidence that E2F activity is ratelimiting for S-phase entry. Not only does elevated E2F activity drive cells into S phase, but inhibitors of E2F reduce S-phase entry. The proportion of cells in G 1 is increased by the overexpression of dominant-negative mutants of E2F-1, DP-1 and DP-2 (Dobrowolski et al. 1994; Wu et al. 1996; Fan and Bertino 1997) or by the expression of competitor RNA molecules (Ishizaki et al. 1996) . Similarly, the expression of a transcriptional repressor fused to the DNA-binding domain of E2F-1 causes an accumulation of G 1 -phase cells . Microinjection of antibodies to E2F-3 reduced the percentage of REF52 cells entering S phase . Consistent with these observations, DNA synthesis is sharply reduced in dE2F mutants , suggesting that E2F-dependent transcription is rate limiting for cell cycle progression in vivo.
However, S-phase entry is not completely eliminated in any of these experimental settings. Indeed, clones of dE2F mutant cells can be found and both the dE2F and dDP homozygous mutants continue to support DNA synthesis (Royzman et al. 1997 ). These animals show continued development in the absence of detectable expression of RNR2 and PCNA, two proposed E2F-target genes. In tissue culture cells, recent studies have used mutant forms of pRB that lack cdk phosphorylation sites and are thought to be constitutive inhibitors of E2F, to impose a cell cycle block. Surprisingly, this arrest is overcome by the overexpression of cyclin E (Lukas et al. 1997 ). These cyclin E-induced S phases result in a complete doubling of DNA content and occur without overt activation of E2F-dependent transcription (Leng et al. 1997; Lukas et al. 1997) . In a similar way, expression of cyclin E can bypass a cell cycle arrest caused by p16
INK4a without apparently stimulating pRB phosphorylation (Alevizopoulos et al. 1997) and can overcome the cell cycle effects of a dominant-negative DP-1 mutant (Lukas et al. 1997) .
Such results can be interpreted in several different ways and it is not clear which explanation is correct. One interpretation is that E2F-dependent transcription is absolutely required for DNA synthesis and that a low (and undetected) level of E2F activity remains in each of these experimental conditions. A second interpretation is that E2F facilitates DNA synthesis but is not absolutely required for each cell cycle. Because E2F has many target genes, one could imagine that the program of E2F-dependent transcription is required for cells to move from a quiescent state to a proliferative state that can support DNA synthesis. Once cells are actively proliferating, a new burst of E2F activity may not be absolutely necessary to initiate DNA synthesis. A third interpretation of these experiments is that one of the key functions of E2F is to promote expression of cyclin E (see below). In this case ectopic expression of cyclin E could transiently bypass a need for E2F until other E2F targets become limiting. For this scenario, one has to argue that in Drosophila the expression of cyclin E can be induced independently of dDP or dE2F and that there is a low level of cyclin E expression in dDP or dE2F mutants that can support DNA replication. There is evidence for both of these points Royzman et al. 1997; Duronio et al. 1998) .
What are the key targets of E2F activity?
A critical step toward understanding the action of E2F is the identification of the important targets that connect E2F activation to cell cycle progression, to the initiation of DNA synthesis, or to the induction of apoptosis.
There are many candidates for the first two activities. Genes that are responsive to E2F include well-studied cell cycle regulators including cyclin E, cyclin A, cdc2, and cdk2 (Dalton 1992; Furukawa et al. 1994; Ohtani et al. 1995; Tommasi and Pfeifer 1995; Schulze et al. 1995; Botz et al. 1996; Geng et al. 1996; Huet et al. 1996) . Other E2F target genes include those that encode functions that are important for DNA synthesis, such as DNA polymerase ␣ (Pearson et al. 1991) , thymidine kinase (Ogris et al. 1993; Karlseder et al. 1996) , and DHFR (for review, see Slansky and Farnham 1996) . More direct connections to DNA replication may be provided by the discovery that the expression of orc1 (Ohtani et al. 1996) , cdc6 , and multiple MCM genes (Duronio et al. 1998; Leone et al. 1998 ) can also be induced by E2F. These and other E2F target genes are reviewed in Helin (1998) and Sardet et al. (1997) . A simple explanation for E2F-induced apoptosis is that E2F-1 specifically regulates the expression of a gene(s) that promotes apoptosis. In mammalian cells, the best candidate for such a target is p19 ARF (DeGregori et al. 1997; de Stanchina et al. 1998; Zindy et al. 1998) . In Drosophila, dE2F-induced apoptosis is preceded by elevated levels of reaper (Asano et al. 1996) ; however, it is unclear whether this is a direct or an indirect effect of dE2F.
The plethora of potential E2F target genes raises the basic question of whether a single E2F target is rate limiting for DNA synthesis or cell cycle progression, or whether E2F stimulates DNA synthesis by coordinately inducing the expression of many genes. The critical test is to determine whether elevated expression of any one of these targets could substitute for the activation of E2F. Potentially, the rate-limiting component could vary in different cells and in different situations. To date the only E2F-regulated gene shown to be capable of replacing E2F is cyclin E. The decline in DNA synthesis in dE2F mutant embryos can be rescued transiently by ectopic expression of cyclin E , strongly suggesting that cyclin E is a rate-limiting target.
Whether cyclin E is the only E2F target gene that is capable of doing this is unclear.
However, attempts to place cyclin E and dE2F in a linear pathway have led to conflicting results. Different experiments suggest that either cyclin E or E2F can be placed upstream of the other in different situations. E2F can induce expression of cyclin E (Ohtani et al. 1995; Botz et al. 1996; Geng et al. 1996) suggesting that cyclin E acts downstream of E2F. In addition, cyclin E-dependent kinases can phosphorylate pRB-family proteins (Hinds et al. 1992) , potentially allowing cyclin E to act upstream of E2F. It is often proposed that cyclin E and E2F comprise a feed-forward loop allowing amplification of signals that promote the G 1 -to S-phase progression.
Studies in Drosophila suggest that the epistasis of cyclin E and dE2F varies between cell types , perhaps influenced by the variable importance of E2F in determining cyclin E expression compared to other transcription factors. In mammalian cells, the overexpression of cyclin E has been found to drive cells into S phase in the absence of measurable E2F activity (Lukas et al. 1997) , but conversely, the overexpression of E2F-1 was found to drive cells into S phase without significant activation of cyclin E-associated kinases . A way to reconcile these apparently contradictory observations is suggested by Nevins and colleagues who proposed that the functions of E2F and cyclin E may converge in the product of an E2F-target gene(s) that acts at the initiation of DNA synthesis in a process that is modulated by cyclin E-dependent phosphorylation (J.R. Nevins, pers. comm.) . In this model, overexpression of the target may minimize the need for cdk phosphorylation whereas elevated phosphorylation may enable lower levels of the protein to be sufficient for activity. The identity of such a target is not known. One potential candidate is CDC6, as CDC6 is an unstable protein that is important in the initiation of DNA synthesis (Kelly et al. 1993; Piatti et al. 1995) and whose promoter is regulated by E2F-binding sites (Williams et al. 1997; Leone et al 1998; Yan et al. 1998) . Experiments in Drosophila suggest that cyclin E and E2F have independent targets in addition to any common targets. This is implied by experiments showing that dE2F/ dDP expression was unable to rescue DNA synthesis in cyclin Emutant embryos (Duronio et al. 1996) , and that the rescue of DNA synthesis in dE2F-mutant embryos by cyclin E was very short-lived .
Although most E2F target genes provide links to DNA synthesis and cell cycle progression, many of these promoters were chosen for study for this very reason. The full spectrum of E2F target genes remains to be determined. E2F expression persists in quiescent and differentiated cells. The analysis of dE2F-mutant clones and E2F-5 knockout mice (Lindeman et al. 1998) suggests that E2F has important functions in cells that are not actively proliferating. One interesting possibility is that these functions may reflect a role for E2F repressor complexes. As the functions of E2F in postmitotic cells are almost completely unexplored it is unclear whether the critical targets of E2F are the same in proliferating and differentiated cells.
What is the role of pRB in E2F regulation?
E2F activity is the sum of many different parts and, despite their publicity, pRB/E2F complexes represent only a minor fraction of the total E2F complexes present in cell extracts. As more details have emerged about the number of different E2F complexes and the tiers of E2F regulation, it has become increasingly evident that the absence of pRB does not completely deregulate E2F. To understand the role of pRB/E2F complexes we need to discover exactly which aspects of E2F regulation are provided by pRB.
This issue is not readily investigated by protein overexpression. Although pRB is a potent inhibitor of E2F when expressed at high levels, overexpressed pRB-family members bind to a broader range of E2Fs than the endogenous proteins. It is uncertain whether the effects caused by high levels of pRB genuinely represent the normal functions of this protein. Because of this, recent attempts to separate the individual functions of pRB, p107, and p130 have focused on the changes seen in cultures of primary mouse cells lacking specific family members. Rb −/− mouse embryo fibroblasts (MEFs) have a slightly shorter G 1 phase and enter S phase ∼2 hr earlier than wild-type cells (Herrera et al. 1996) . In synchronized Rb −/− cells, most E2F target genes are induced at their normal time relative to S-phase entry. However two genes, cyclin E and p107 are expressed earlier than normal and their products accumulate to higher levels (Herrera et al. 1996; Hurford et al. 1997) . In contrast, no differences were observed in p107 −/− or p130 −/− cells. A different set of genes were deregulated in p107
−/− cells illustrating that p107 and p130 have overlapping functions and that pRB and p107/p130 are required for the normal expression of different subsets of E2F targets (Hurford et al. 1997) .
These experiments indicate that pRB-family members have different functions in E2F regulation. It is possible that these differences in E2F regulation underlie the different biological properties of the pRB-family members but this idea is still largely untested. The full spectrum of changes in the expression of E2F-target genes in Rb
cells has yet to be determined. New targets for E2F continue to be found and there is no guarantee that the first changes found will be the most important.
Although the changes seen in Rb −/− cells may reflect the changes in E2F-dependent transcription that occur during tumorigenesis, such studies likely underestimate the actual role of pRB in E2F regulation. In the absence of pRB, many of its functions may be carried out by p107 or p130. The analysis of Rb 
p130
−/− mice suggest that there is extensive functional overlap between pRB-family members (Cobrinik et al. 1996; Lee et al. 1996) ; 130 −/− MEFs suggest that there is a similar degree of overlap in E2F regulation. At present it is unclear whether this is because the pRB-family proteins have functions that are largely redundant or whether family members compensate for one another in knockout cells. If it is possible to identify the individual E2F complexes bound at the endogenous promoters then these issues may be resolved.
The changes in E2F-dependent transcription that occur when pRB is removed may be very different in different cell types. The pattern of E2F-target genes misexpressed in p107
−/− cells and the ability of pRBfamily members to compensate for one another differs slightly between cultures of MEFs and T cells (Hurford et al. 1997; . For example, pRB/E2F complexes clearly increase in p130 −/− T cells, whereas this increase is not readily evident in p130 −/− MEFs ). An added level of complexity is suggested by the work of M. Rudnicki and coworkers who have observed that the phenotype of mice lacking pRB-family members varies dramatically in different genetic backgrounds (M. Rudnicki, J.E. LeCouter, B. Kabler, W.R. Hardy, C. Ying, L.A. Megeney, L.L. Max, and M.A. Rudnicki, pers. comm.). Such strain differences will provide important insights into the functional relationships between pRB-family members and highlight the fact that there is not a single answer to these questions.
Is the ability of pRB to bind E2F important for pRB's role as a tumor suppressor?
One of the most appealing aspects of the pRB/E2F interaction was the prospect that this complex could explain the growth suppressor properties and perhaps the tumor suppressor properties of pRB. By now however, ∼50 different polypeptides have been reported to physically interact with pRB (e.g., see ; of these, only six are components of E2F (E2F-1, E2F-2, E2F-3, E2F-4, DP-1, DP-2). Although the evidence for many of these interactions is less extensive than for E2F, the steady increase in the number and diversity of pRB-associated proteins has continued to emphasize an important gap in our knowledge. Despite the fact that E2F and pRB have antagonistic activities when they are overexpressed it is still not clear what fraction of pRB's functions are attributable to its regulation of E2F.
Ideally, we would like to study the properties of a pRB mutant that fails to bind to E2F but retains all other activities. However, many of the pRB-binding proteins interact with similar regions of pRB and the commonly used tumor-derived mutant alleles encode proteins that fail to interact with multiple pRB-binding proteins. To date no pRB mutation has been characterized in sufficient detail to show that it specifically eliminates E2F-binding but leaves other interactions intact. In contrast, several studies have shown that E2F binding is not sufficient for the growth suppression properties of pRB (Qian et al. 1992; Zhu et al. 1993; Welch and Wang 1995; Sellers 1998) . Recent analysis of two partially penetrant, mutant alleles of human RB showed that these encode proteins that fail to bind to E2F and are unable to repress E2F-dependent transcription but these retain other pRB activities (Sellers 1998) . This result indicates that the difference between partially penetrant and fully penetrant Rb mutations can be separated from E2F regulation. Such studies illustrate that E2F-regulation is only one aspect of pRB function and emphasize the need to identify other pRB-binding proteins that are important for tumor suppression.
An alternative approach to this issue is to ask whether E2F mutations that liberate the endogenous E2F proteins from pRB are sufficient for tumor formation. Both wildtype and mutant E2F genes score in transformation assays (Johnson et al. 1994a ) and drive cells into S phase when overexpressed in tissue culture cells (Shan et al. 1996) . It will be extremely interesting to know whether analogous mutations in endogenous proteins can achieve a similar effect.
If pRB were to act simply by restraining the activity of E2F then the amplification of E2F genes might be expected to occur frequently in tumors as an alternative to pRB mutation. Despite extensive searches only a single cell line has been reported to show amplification of the pRB regulation of E2F
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from E2F1 locus (Saito et al. 1995) . Perhaps the most direct evidence to suggest that E2F-regulation is relevant for tumor suppression by pRB is the finding that the pituitary and thyroid tumor phenotypes of Rb +/− mice are reduced and delayed in animals deficient for E2F-1 . Although E2F-1 is not required for the proliferation of Rb −/− tumor cells, this result suggests that the liberation of E2F-1 contributes significantly to the development of Rb −/− tumors. Similarly, in transgenic models, the absence of E2F-1 severely reduces the inappropriate cell proliferation caused by viral oncoproteins (HPV-16 E7 or a fragment of SV40 large T antigen) that bind to pRB, p107, and p130 (J. McCaffrey, L. Yamasaki, N. Dyson, E. Harlow, and A.E. Griep; H. Pan, C. Yin, N. Dyson, E. Harlow, L Yamasaki, and T. Van Dyke; both in prep). Thus, while E2F may not be the only target of pRB, the deregulation of E2F-1 does appear to be important for the proliferation of cells lacking functional pRB-family proteins. As E2F-1 is not required for most aspects of mouse development it is possible that specific inhibitors of E2F-1 might provide therapeutics for some pRB-minus tumors. However, the discovery that E2F-1 is a tumor suppressor gene in mice raises serious concerns about intervention strategies that are based on the inactivation of E2F.
How can E2F-1 be both an oncogene and a tumor suppressor gene?
E2F-1 presents us with a wonderful paradox. On one hand, E2F-1 behaves as a standard oncogene in transformation assays (Johnson et al. 1994a; Singh et al. 1994; Xu et al. 1995) , the overexpression of E2F-1 in transgenic mice promotes tumorigenesis (Pierce et al. 1998) , and the absence of E2F-1 reduces tumor phenotypes resulting from the inactivation of pRB ). Thus E2F-1 has many of the properties of a bonafide oncogene and appears to promote tumor cell proliferation. On the other hand, E2F-1 knockout mice develop a broad spectrum of tumors including tumors of the reproductive tract, lymphomas, and lung adenocarcinomas (Yamasaki et al. 1996) . As defined by this functional assay, E2F-1 is a tumor suppressor gene.
How does one explain such different roles for E2F? As the overexpression of E2F genes can promote cell cycle progression it is easy to imagine how E2F-1 can act as an oncogene. However the reasons why E2F-1 is a tumor suppressor are less clear. One model suggests that the dual nature of E2F-1 is a consequence of the fact that E2F-binding sites can mediate both the activation and repression of its target genes. In this model, E2F-1 mediates some of the tumor suppressor activities of pRB by recruiting it to DNA and allowing pRB to repress the expression of a set of critical genes. Differences in the tumor spectrum of E2F1 −/− and Rb +/− animals might be explained by the overlapping functions of E2F genes in many cell types. If this model is true then there are some clear predictions. For example, point mutations in E2F-1 that eliminate pRB binding should give a tumor phenotype similar to that caused by E2F-1 null mutations. Furthermore, if this model is true then mice lacking other pRB-regulated E2Fs (E2F-2, E2F-3, and E2F-4) might also be expected to develop tumors for the same reason.
A second explanation for the tumor suppressor activity of E2F-1 stems from the observation of E2F-1-induced apoptosis. If deregulated E2F-1 induces apoptosis in premalignant cells then the inactivation of E2F-1 may promote tumorigenesis by allowing the survival of inappropriately proliferating cells. This model emphasizes the fact that the net effects of deregulated E2F activity will depend on the relative levels of E2F-induced proliferation and E2F-induced apoptosis. If this model is correct then E2F-1 might be the only member of the mammalian E2F gene family to be a tumor suppressor, as only E2F-1 has been shown to cause high levels of apoptosis. This model can be tested in vivo using mutations that specifically eliminate the apoptotic activity of E2F-1.
Although these are the models that are discussed most frequently many other models are also possible. Conceivably, the tumor phenotype of E2F-1-deficient animals may be due to a non-cell autonomous function of E2F-1 or by an alteration in the immune system (Weinberg 1996) . Perhaps the tumor phenotype reflects a role for E2F in repair of DNA damage or is due to the overcompensation by other E2F-family members. Clearly a more detailed analysis is needed. It seems likely that the role of E2F-1 in tumorigenesis will vary considerably depending on cell type. Strikingly, within a single Rb 
Perspective
Biochemical and functional studies of E2F show that it is a multifaceted factor. E2F has the ability to mediate transcriptional activation or repression of target genes, to promote cell proliferation or apoptosis, and to promote or inhibit tumorigenesis in a tissue-specific manner. Such a range of functions is remarkable and provides a fascinating problem. A critical goal of future studies is to provide molecular explanations for these different biological effects. This will require a comprehensive understanding of the activities of individual E2Fs and knowledge of their specific targets. Clearly, there is no single activity or interaction that is responsible for all the of the properties of E2F. In vivo studies of these proteins tell us that the role of E2F-and pRB-family proteins will vary depending on whether the cells are proliferating or differentiating, and depending on the specific cell type.
The interaction between pRB and E2F needs to be placed carefully into context. E2F activity is controlled in multiple ways and pRB-association provides only one element, perhaps a relatively small element, of the regulatory process. The converse may also be true. E2F is only one of many proteins that have been reported to interact with pRB. While the biology of E2F suggests that it should be a critical target, it will be important to discover precisely how much of pRB's developmental or
